Recent emphasis has focused on the development of rationally designed polymer-based micelle carriers for drug delivery. The current work tests the hypothesis that target specificity can be enhanced by micelles with cancer-specific ligands. In particular, we describe the synthesis and characterization of a new gadolinium texaphyrin (Gd-Tx) complex encapsulated in an IVECT micellar system, stabilized through Fe(III) cross-linking and targeted with multiple copies of a specific ligand for the melanocortin 1 receptor (MC1R), which has been evaluated as a cell-surface marker for melanoma. On the basis of comparative MRI experiments, we have been able to demonstrate that these Gd-Tx micelles are able to target MC1R-expressing xenograft tumors in vitro and in vivo more effectively than various control systems, including untargeted or un-cross-linked Gd-Tx micelles. Taken in concert, the findings reported herein support the conclusion that appropriately designed micelles are able to deliver contrast agent payloads to tumors expressing the MC1R.
■ INTRODUCTION
Rationally designed, polymer-based micelle carriers represent a promising approach to the delivery of therapeutic or diagnostic payloads. They offer many potential advantages as delivery agents and could serve to (1) enhance the solubility of lipophilic drugs, (2) increase circulation times, and (3) lower the toxicity of the payload in question. Micelles with diameters between 20 and 200 nm are particularly attractive because particles of this size can escape renal clearance. This generally translates into longer circulation times and can lead to improved accumulation in tumor tissues as a result of the enhanced permeability and retention (EPR) effect. 1, 2 It has also been suggested that selective accumulation in tumors relative to normal tissues can be enhanced through the use of tumorspecific cell-surface targeting groups and that binding events may be used to trigger release mechanisms. Such strategies are appealing since they could serve not only to enhance uptake in tumor relative to normal tissues but also to reduce toxicity in peripheral organs. 1−3 Despite the advantages offered by micellar delivery systems, to date no micellar system has been described that achieves the full promise of targeting in vivo. Of additional concern is the fate of micelle delivery systems in biological media. 4 Previously described micelle delivery systems have suffered from an inherent instability in vivo, generally undergoing collapse in the presence of serum lipids and proteins. 4 Micelles can be stabilized for in vivo use through cross-linking of individual acyl chains. To date numerous cross-linking reactions have been attempted, employing strategies that range from the use of disulfides 5, 6 and other redox-sensitive bonds 7 to temperature- 8 and pH-sensitive functional groups. 9−11 Here, we report a novel cross-linking procedure that relies on the pH sensitivity of metal−oxygen coordination bonds. 12 This particular form of cross-linking is known to increase blood circulation times and result in a stable micelle delivery system that is able to selectively dissociate and release its contents in acidic tumor microenvironments. 13 There are a number of micelle-based delivery systems for drugs such as doxorubicin and paclitaxel currently in phase I and II clinical trials. 1, 2 These systems provide for increased circulation times and larger area-under-the curve pharmacokinetics relative to the corresponding free drug. Some systems now in preclinical study are also "passively targeted," 6, 14, 15 meaning they lack any specific surface ligands and rely solely on EPR to deliver their payload. 5, 8, 16 A significant disadvantage with passive targeting of micelle delivery systems is an increased probability for nonspecific delivery and accumulation in clearance organs, such as liver and kidney, relative to tumor. 2, 17 Additionally, the significance of EPR in human cancers remains largely unproven and there is increasing evidence that EPR alone may not be enough to ensure the selective delivery of a payload. 17 Most attempts at micelle targeting have come from the use of ligands such as α v β 3 (RGD), epidermal growth factor receptor (EGFR), or folate. 7,18−23 Unfortunately, most of these targeted systems suffer from a high peripheral toxicity, 5, 7, 16, 19, 20 have only seen limited testing in vivo (e.g., in animal models lacking tumor xenografts 21, 22 ), or have not yet quantitatively demonstrated selective tumor accumulation relative to peripheral organs. 7, 11, 18, 23, 24 It is also noteworthy that various other targeted systems have been reported to provide little improvement in tumor uptake compared with their untargeted controls. 7, 19, 20 Thus, there remains a need for more specific biological targeting agents, including those that rely on localization strategies that are not EPR dependent. This may be of particular relevance in clinical systems, where it has recently been proposed that human cancers have only a modest EPR compared with murine xenografts. 17 One attractive target is the melanocortin 1 receptor (MC1R), which is expressed on over 80% of malignant melanomas. 25 Not surprisingly, the MC1R has been investigated as a target for delivery of imaging and therapeutic agents. Indeed, a number of MC1R ligands have been developed for this purpose. 26−29 The best known of these is based on the melanocyte stimulating hormone (MSH) structure, [Nle 4 ,DPhe 7 ]-α-MSH (NDP-α-MSH), 30 and is considered the "gold standard" for in vitro assays due to its ease of synthesis, low cost, and high MC1R affinity. 29, 31 However, NDP-α-MSH is not selective for MC1R and displays strong nanomolar binding affinities to other melanocortin receptor isoforms, that is, MC3R, MC4R, and MC5R. 32−34 MC2R is not avid for MSH-based ligands. 35 MC3R and MC4R are primarily expressed in the human brain and CNS. 36−38 However, MC3R mRNA has been detected in human heart, and MC5R mRNA is expressed in human lung and kidney. 39 Expression in the brain is less of a concern because MSH-based targeted agents are not likely to cross the blood−brain barrier. Likewise, expression in the heart and lung is not likely to be problematic because, due to their mass, targeted micelles are expected to be restricted to the normal vasculature, although it is anticipated that they will enter tumors due to the permeable tumor vasculature (EPR effect). On the other hand, the expression of MC5R in the kidney is of concern due to kidney involvement in drug clearance, which could lead to off-target binding. Nevertheless it was expected that enhanced delivery to melanomas could be achieved through targeting the MC1R receptor. The present study was designed as an initial test of this hypothesis.
Koikov et al. has reported the development of a ligand, 4phenylbutyryl-His-DPhe-Arg-Trp-NH 2 , with high selectivity and specificity for MC1R. 28 We have recently altered this ligand with an alkyne (4-phenylbutyryl-His-DPhe-Arg-Trp-Gly- Lys(hex-5-ynoyl)-NH 2 ; 1) 40 for click attachment to a micelleforming triblock polymer. Moreover, we have demonstrated in vitro that micelles decorated with compound 1 retain the high binding affinity (2.9 nM K i ) of the free ligand and display improved target selectivity. 40 In this prior work, the K i of targeted cross-linked (XL) micelles for MC1R was found be to four times lower than the corresponding targeted un-crosslinked (UXL) micelles while not binding to either of the undesired targets, MC4R or MC5R. 40 In this report, we show how these micelles can be used to deliver a contrast-enhancing agent.
Texaphyrins are a series of expanded porphyrins that have attracted interest in the area of cancer research. 41−44 Gadolinium complexes of texaphyrin (Gd-Tx) have been specifically evaluated in numerous clinical trials, including those for metastatic cancer to the brain, non-small-cell lung cancer (NSCLC) and non-Hodgkin's lymphoma. 43 The incorporation of gadolinium into the texaphyrin macrocycle allows the tissue distribution of Gd-Tx to be studied noninvasively via standard magnetic resonance imaging (MRI) methods.
To develop micelles containing Gd-Tx, we have taken advantage of a triblock polymer micelle system with enhanced stability (IVECT) that was initially developed by Intezyne Technologies Inc. (Tampa, FL). 13, 40 This triblock polymer is composed of a hydrophobic encapsulation block, a responsive stabilizer block, and a hydrophilic masking block that contains an azide for functionalization via click chemistry. The main advantage of IVECT micelles over traditional micelles is the incorporation of the stabilization block, which allows the micelles to be cross-linked via a pH-sensitive Fe(III) metal coordination reaction. 12, 13, 40 They are also biodegradable and designed to release their payload in the acidic microenvironment of tumors. 13 As detailed below, this approach has allowed for the generation of a stabilized IVECT micelle system that incorporates Gd-Tx and that both penetrates into xenografted tumors with high selectively and clears from circulation without being retained in the kidney or liver. Tumor penetration, as inferred from MRI studies, was not observed with either untargeted or un-cross-linked micelles. On this basis, we suggest that the present approach provides for tumor-specific targeting that is superior to that provided by EPR alone.
■ RESULTS
Gadolinium−Texaphyrin (Gd-Tx) Structure. A singlecrystal X-ray diffraction analysis of the Gd-Tx complex confirmed the expected planar structure for the core macrocycle and revealed several ancillary ligand and solvent interactions (Scheme 1).
Physical Properties of the Gd-Tx Micelles. The targeted Gd-Tx micelles were prepared using a novel optimized encapsulation strategy (Scheme 2). The average particle size was determined using standard dynamic light scattering (DLS, Particle Characterization Laboratories, Novato, CA) methods. The surface charge and gadolinium percent loading by weight were determined by ζ potential (Particle Characterization Laboratories) and elemental analyses (ICP-OES, Galbraith Laboratories, Knoxville, TN), respectively (Table 1) . These studies provided support for the notion that there are no differences in micelle size for the cross-linked (XL) and uncross-linked (UXL) pairs or for the targeted (T) and untargeted (UT) pairs. Particle charges ranged from −0.33 to −29 mV as deduced from ζ potential analyses.
Gd-Tx Micelle Stability. Cross-linked Gd-Tx micelles were dissolved in PBS at the critical micelle concentration (CMC, 0.02 mg/mL) and dialyzed for 6 h against PBS (pH 8 and pH 3). HPLC analyses of the Gd-Tx micelles pre-and postdialysis indicated that the cross-linked micelles retained >95% of the encapsulated Gd-Tx after dialysis at pH 8 and 50% of the encapsulated Gd-Tx at pH 3.
Competitive Binding Assays. Our established timeresolved lanthanide-fluorescence whole-cell competitive binding assays 33, 40 were used to optimize ligand loading for maximal avidity. In these assays, increasing concentrations of micelles conjugated to the targeting ligand 6, a version of NDP-α-MSH with an alkyne for attachment by click chemistry (Scheme 2), were measured for their ability to competitively displace Eulabeled NDP-α-MSH. The remaining Eu was then measured using time-resolved fluorescence (TRF, see Materials and Methods). Because gadolinium(III) cations can potentially interfere with the lanthanide-based TRF binding assays, 33 unloaded triblock polymer micelles (i.e., free of Gd-Tx) targeted with 2.5% to 30% ligand 6 by weight loading (see Scheme 2) were used. Micelles stabilized with Fe(III) crosslinking (6-XL micelles) had the highest binding avidity at 5% ligand loading, as reflected in the lowest K i (1.49 ± 0.12 nM K i , n = 4, Figure 1 ). It was also observed that 6-XL micelles had significantly higher binding avidities at all ligand loading levels (p < 0.001). The same binding assays were also conducted with 5-targeted XL and UXL micelles (5-XL and 5-UXL micelles, Scheme 2) at 5% ligand loading, as well as 5-targeted monomeric polymer. Ligand 5 has greater specificity for MC1R relative to MC4R or MC5R isoforms, which are expressed in the kidney. 40 The K i of the 5-targeted XL micelles (2.9 ± 0.42 nM; n = 4) was 4 times lower than the corresponding UXL micelles (12 ± 2.6 nM; n = 4, Figure 1 ). 40 Control assays with untargeted micelles (UT-XL and UT-UXL) and untargeted monomeric polymer revealed no detectable interaction with the receptor. 40 In Vivo MR Imaging. SCID mice with subcutaneous MC1R-expressing tumors were injected with 0.5% w/w Gd-Tx micelles (T-XL, T-UXL, UT-XL, UT-UXL) via tail vein at a dose of 12 μmol Gd-Tx/kg. All targeted micelles used for in vivo imaging studies were formulated with 5% (w/w) of 5targeted polymer (5-UXL and 5-XL). Using an Agilent 7T small animal MRI spectrometer, coronal T 1 -weighted spin echo multislice (SEMS) images were acquired of each animal prior to and 1, 4, 12, 24, and 48 h after injection of the micelles. Following imaging, MC1R expression was confirmed in each tumor by immunohistochemistry staining (Supplemental Figure S4 , Supporting Information). Figure 2 shows representative images of the center slices of the tumors of animals injected with the different 0.5% Gd-Tx loaded micelles recorded at different time-points.
To quantify enhancement due to tumor uptake of the micelles, intensity histograms for right (R) and left (L) whole tumors, kidneys, and livers were prepared using a MATLAB program (Mathworks) by drawing a region of interest (ROI) across all applicable slices for each time point. A mean intensity value was then calculated and normalized to thigh muscle because contrast material is not expected to be present in the muscle (see Materials and Methods). Figure 3 shows the percent change in intensity from pre-to postinjection in tumors (a, b), kidneys (c), and liver (c) for each 0.5% Gd-Tx micelle group over a 48 h time course (for full clearance data, see Figure S5 , Supporting Information). By one-way ANOVA with Tukey's multiple comparison test, the 5-XL micelle group had a By one-way ANOVA with Tukey's multiple comparison test, both groups with cross-linked micelles (XL) had a significantly higher change in contrast pre-to postinjection in the kidneys compared with the UXL groups, but there was no significant difference when the 5-XL and UT-XL or the T-UXL and UT-UXL time courses were compared. Contrast enhancement for the XL micelles peaked in the kidneys ∼1−4 h. There was no significant difference in enhancement in the liver among the different time courses.
■ DISCUSSION
Europium time-resolved fluorescence (TRF) whole-cell competition binding assays conducted with both 5-and 6-targeted micelles provide support for the central hypothesis underlying this study, namely, that cross-linking provides stability to the micelle system and that the composition of the micelle can be modified to allow for targeting. Eu-NDP-α-MSH was chosen as a model ligand for competition due to its relatively high affinity for MC1R (1.9 nM) and for the ease of synthesis that it provides. 29, 31 In the percent targeting optimization assays with an alkyne-functionalized NDP-α-MSH (6, Scheme 2), there was a clear difference between the binding affinities of the cross-linked (6-XL) and un-cross-linked (6-UXL) micelles (Figure 1 ). This finding is ascribed to the Fe(III) cross-linking, which serves to stabilize the micelles in biological media. In the absence of cross-linking, the micelles dissociate, in whole or in part, to free monomers, leading to a loss of structural integrity and the premature release of the payload (the encapsulated contrast agent in the present instance). A second advantage of cross-linking is that it leads to an operational increase in binding avidity, a result that may reflect a benefit of multivalent interactions. The 5-targeted (T) micelles of this study also exhibited a stronger avidity to the MC1R receptor when crosslinked (5-XL) compared with their un-cross-linked counterpart (T-UXL), a finding we take as further support for the contention that (i) cross-linking stabilizes micelles and (ii) multiple ligands on the micelle surface provide for enhanced binding.
The above Gd-Tx containing micelles (0.5% Gd-Tx w/w) were further studied in vivo. In accord with the design expectations, these in vivo experiments revealed improved MRI contrast enhancements upon administration of the Gd-Tx containing 5-XL micelles, with maximal enhancement observed at 24 h. As can be seen by an inspection of Figures 2 and 3 , this enhancement was not seen with the other micelle systems, supporting the contention that the 5-XL micelles provide good systems for effecting tumor localization and payload delivery. The maximum enhancement was 17% compared with preinjection images. While this enhancement is likely not large enough to be clinically valid for imaging in the current formulation, it is encouraging that similar stabilized micelle formulations have demonstrated significant tumor uptake of therapeutic payload and increased therapeutic efficacy relative to untargeted drug administration. 13, 45 The results of this study thus provide support for the contention that targeted formulations can provide for improvements in efficacy through increased delivery of payload throughout the tumor.
Although the in vivo studies were conducted using a colorectal cancer cell line (HCT116) engineered to express MC1R at a level of 240 000 receptors per cell, 46 we have recently conducted in vivo studies using the same MC1R targeting ligand (5) conjugated to a near-infrared fluorescent dye and using melanoma tumor lines with high (B16) and low (A375) endogenous expression of MC1R. 47 Blocking studies demonstrated specific uptake of the labeled ligand into tumors bearing these melanoma cells and uptake was correlated with MC1R expression levels. To demonstrate clinical relevance, additional work will be needed that, inter alia, demonstrates uptake of ligand 5 targeted micelles into tumor xenografts containing melanoma cells with lower endogenous MC1R expression levels. However, these future studies lie outside the scope of the present proof-of-principle analyses.
The unique ability of the 5-XL micelles to penetrate the tumor appears to result from a combination of the MC1Rspecific targeting group and the enhanced stability provided by the Fe(III) cross-linking. If targeting alone were enough to produce effective tumor enhancement, we would also observe a substantial uptake in the case of the 5-UXL micelles. Likewise, if cross-linking and EPR alone were enough to effect accumulation, we would observe an increased build-up in the UT-XL group. Finally, it is important to note that the enhancement observed in the 5-XL group was not the result of free Gd-Tx (which is known to accumulate in tumors selectively 42, 43, 48, 49 ). If this were the case, we would have observed enhanced uptake in all four micelle groups (i.e., UT-UXL, 5-UXL, and UT-UXL, in addition to the 5-XL system). This was not seen; thus, the in vivo data are consistent with the conclusion that the Gd-Tx containing 5-XL micelles allow for functionally acceptable binding avidity, stability, tumor penetration, and uptake. Presumably, the cross-linking reaction stabilizes the micelles after administration and during initial time points while they circulate throughout the bloodstream, while the targeting group allows the system to bind to and be retained within the tumor cells. Interestingly, the XL micelle groups had significantly elevated enhancement in the kidneys relative to the UXL groups, although this uptake was nonspecific. This may be a result of the increased stability of the XL micelles resulting in longer circulation times and slower rates of complete clearance through the renal system into the bladder. Also, the timing of kidney clearance of the XL micelles is comparable in timing to near-infrared fluorescent dye conjugates to monoclonal antibodies with comparable mass. 50 We have previously reported the development of a ligand specific to MC1R, and we have shown that the conjugation of this ligand to the IVECT micelle system does not result in a significant decrease in binding avidity. 40 In this report, we describe the synthesis, incorporation, and characterization of a new gadolinium texaphyrin (Gd-Tx) that is characterized by a high inherent T 1 relaxivity. We also detail its encapsulation within the IVECT system and the production of cross-linked micelles by reaction with Fe(III). Moreover, we have demonstrated that the targeted Gd-Tx micelles are selectively retained in target-expressing xenograft tumors in vivo. As expected, MRI contrast enhancement was not visually observed within the heart, lung, brain, or CNS following clearance from vascular circulation. While nonspecific uptake into the kidney and liver was observed, targeted micelles were not specifically retained in the kidney relative to untargeted, which suggests only nonspecific clearance as opposed to off-target uptake in these organs. To the best of our knowledge, this is the first example of a targeted micelle that is capable of carrying a payload and that outperforms systems based on EPR in terms of tumor penetration, uptake, and retention.
Advantages of the current system include the following: (1) the target, MC1R, is highly expressed in melanoma cells and not in healthy tissues, except for melanocytes; (2) the system demonstrates high short-term stability, and (3) it demonstrates an ability to specifically accumulate in tumors, compared with nonspecific uptake in clearance organs. These attributes are reflected in the in vivo images that reveal uptake of targeted constructs relative to untargeted deep within the tumor with peak accumulation at 24 h. In contrast, peak nonspecific accumulation in the kidney and liver was seen at 1−4 h. These differences are thought to reflect the benefits of targeting. However, biodegradation of the stabilized micelles may also contribute to the effect; to the extent it occurs on short time scales (on the order of hours), it would allow for release of payload (Gd-Tx) within the tumor while concurrently clearing from circulation. While further investigations will be required to detail the full pharmacokinetic profile of these new micelles and to develop formulations that deliver more clinically relevant payloads, it is important to appreciate that from an operational perspective the systems of this report constitute the first example of targeted micellar constructs that are capable of delivering payloads in a tumor selective fashion.
■ MATERIALS AND METHODS
Synthesis of Gd-Tx. All chemicals were obtained from commercial sources (Fisher Scientific, Acros Chemicals, Sigma-Aldrich or Strem Chemicals) and used as supplied unless otherwise noted. All solvents were of reagent grade quality. Fisher silica gel (230−400 mesh, grade 60 Å) and Sorbent Technologies alumina (neutral, standard activity I, 50−200 μm) were used for column chromatography. Thin layer chromatography (TLC) analyses were performed on silica gel (aluminum backed, 200 μm or glass backed, 250 μm) or alumina neutral TLC plates (polyester backed, 200 μm), both obtained from Sorbent Technologies. Low-and high-resolution ESI mass spectra (MS) were obtained at the Mass Spectrometry Facility at The University of Texas at Austin using a Thermo Finnigan LTQ instrument and an Qq FTICR (7 T) instrument, respectively. HPLC spectra were taken on a Shimadzu high performance liquid chromatograph (fraction collector module FRC-10A, autosampler SIL-20A, system controller CBM-20A, UV/vis photodiode array detector SPD-M20A, Prominence). The tripyrrane dialdehyde species 4 (generally referred to as "TP-4") was provided by Pharmacyclics Inc. and synthesized as previously described. 49 The precursor 1,2dimethoxy-4,5-dinitrobenzene 3 was synthesized as previously described. 51 The gadolinium complex used in this study (Gd-Tx, 1) was prepared as shown in Scheme 1. Briefly, compound 3 (1 g, 4.38 mmol) was dissolved in 10 mL of methanol and placed in a hydrogenation flask. The solution was purged with nitrogen for 5 min, and palladium on activated carbon (10%, 0.1 g) was added. The mixture was degassed and allowed to react with hydrogen gas at 100 psi with agitation for 18 h, filtered under Schlenk conditions through a minimal pad of Celite, and added instantly to a solution of TP-4, 4 (2.11 g, 4.38 mmol), in 15 mL of methanol under nitrogen at 70°C. Aqueous hydrochloric acid was added (2 mL, 0.5 M), and the deep red reaction mixture was stirred for 4 h. Next, gadolinium acetate tetrahydrate (2.67 g, 6.57 mmol, 1.5 equiv) was added together with 3 mL of triethylamine, and the solution was stirred at 70°C for 16 h, during which time the solution gradually changed color from deep red to deep green. The solvent was removed in vacuo, and the residue was subjected to column chromatography (silica gel). To remove apolar impurities, the column was eluted with a mixture of 95% CH 2 Cl 2 and 5% MeOH. The product slowly starts to elute when a mixture of 60% CH 2 Cl 2 and 40% MeOH is used as the eluent. The deep green fraction isolated using this eluent mixture was collected, and the solvent was removed in vacuo to give 1 (Gd-Tx) as a deep green crystalline material (1. Crystallization of Gd-Tx and Determination of Structure. Crystals suitable for X-ray diffraction were obtained by dissolving Gd-Tx 1 (2 mg, 2.26 μmol) in 1 mL of methanol. Sodium nitrate (0.2 mg, 4 equiv.) was added, and the solution was heated to reflux at 60°C for 24 h. At this point, 0.25 mL of chloroform was added, the solution was placed in a vial, and diethyl ether was allowed to slowly diffuse into the solution at 5°C. For full crystallographic data, see Supporting Information. Further details of the structure may also be obtained from the Cambridge Crystallographic Data Centre by quoting CCDC number 859294.
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Synthesis of Targeted Triblock Polymers. IVECT triblock polymers with a terminal azide were obtained from Intezyne Technologies (Tampa, FL), and either 5 40 or 6 was synthesized (Scheme 2) and analyzed for purity (>95%) by analytical HPLC and MS by ESI or MALDI-TOF and used as the MC1R-selective ligand. Standard click chemistry was conducted as previously published. 40 Unconjugated polymer was characterized by NMR and GPC analysis, which showed a single, monomodal peak. The polymer conjugated to the MC1R-selective ligand was determined by NMR to be >95% pure.
Formulation and Stabilization of Gd-Tx Micelles. For targeted formulations, a percentage (5% in most cases) of the targeted polymer was used, and the remainder (95% in most cases) was made up of untargeted polymer. The triblock polymer (750 mg) was dissolved in water (150 mL) at a concentration of 5 mg/mL and stirred with slight heating until fully dissolved. After cooling to room temperature, the polymer solution was placed in a sheer mixer, and the Gd-Tx 1 solution (0.5% w/w in 380 μL of dimethyl sulfoxide) was added. The resulting solution was then passed through a microfluidizer (Microfluidics M-110Y) at 23 000 PSI, filtered through a 0.22 μm Steriflip-GP filter unit (Millipore), and lyophilized.
For stabilized formulations, micelles were subject to an Fe(III)mediated cross-linking reaction. 12 FeCl 3 was prepared at concentration of 1.35 g/mL in 20 mM Tris-Cl (pH 7.4). The targeted and untargeted micelles were then dissolved in the Fe(III)-Tris solution at a concentration of 20 mg/mL, and the solution was adjusted to pH 8 through the dropwise addition of 0.1−1.0 M aqueous NaOH. The cross-linking reaction was stirred for 12 h, and the contents of the reaction vessel were then lyophilized.
Cell Culture. HCT116 cells overexpressing hMC1R were engineered in our laboratory. HCT116 cells were transfected with the pCMV6-Entry Vector (Origene; RC 203218) using the Fugene 6 transfection reagent (Roche; 1814-443). Transfected cells were grown in a selection media containing 0.4 mg/mL Geneticin (Life Technologies; 11811-031) and tested for the hMC1R cell surface expression by saturation binding assay. 23 Cells were maintained under standard conditions (37°C and 5% CO 2 ) and were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS and 5% penicillin/streptomycin. Geneticin (G418S, 0.8%) was added to the media to ensure proper selection. hMC1R expression was verified through immunohistochemistry (IHC, see Supporting Information).
Europium Binding Assays. Our established europium lanthanide time-resolved fluorescence whole-cell saturation and competitive binding assays were conducted as previously published using the HCT116 cells engineered to express MC1R and the Eu-NDP-α-MSH ligand, which has known binding affinity for MC1R. 33, 40 In Vivo Murine Tumor Models. All animal experiments were conducted under a protocol approved by the University of South Florida Institutional Animal Care and Use Committee (IACUC). These experiments adhere to the guidelines on the care and use of animals in research. HCT116/hMC1R-expressing flank tumor xenograft models were studied in female SCID/beige mice obtained from Harlan Laboratories at 6−8 weeks of age. HCT116/hMC1R cells were injected at concentrations of (3−10) × 10 6 cells per 0.1 mL of phosphate-buffered saline. Tumor volume measurements were made biweekly and calculated by multiplying the length by the width squared and dividing by two. Final volume measurements were determined through ROI analysis on the MRI, and all tumors imaged ranged from 300 to 500 mm 3 in volume.
MRI Imaging and Analysis. All imaging was completed on a 7 T, 30 cm horizontal bore Agilent magnetic resonance imaging (MRI) spectrometer ASR310 (Agilent Life Sciences Technologies, Santa Clara, CA). Once the tumors in the animals reached an average of ∼500 mm 3 , the animals were pair-matched by tumor size and sorted into four groups to receive the following micelles: 5-XL, UT-XL, 5-UXL, or UT-UXL. Each animal was imaged the day before micelle injection for "pre" images. The following morning, each animal was individually administered 12 μmol/kg Gd-Tx (as Gd-Tx micelles) dissolved in 200 μL of saline via tail vein injection, and the time of injection was noted. Follow-up MRI images were taken at 1, 4, 12, 24, and 48 h postinjection of the micelles.
All animals were sedated using isoflurane and remained under anesthesia for the duration of the imaging. Animals were kept at body temperature (∼37°C) using a warm air blower; the temperature of the air was adjusted to maintain the body temperature and was monitored using a fiber optic rectal probe. SCOUT images were taken to determine animal position within the magnet and setup the slices for the T 1 weighted spin echo multislice (SEMS) images. The SEMS images were taken as coronal-90 images (read direction along the Xaxis, phase-encode along the Z-axis), with data matrix of 128 × 128 and a FOV of 40 mm (read) × 90 mm (phase); 15 1-mm thick slices were taken with a 0.5 mm gap between slices; the TR was 180 ms, and TE was 8.62 ms; there were eight averages taken for each image, resulting in a total scan time of about 3 min per SEMS image.
Images were processed using MATLAB (Mathworks, Natick, MA) to draw regions of interest (ROI) in the tumors, kidney, liver, and thigh muscle over multiple slices for each mouse at each time point. All intensities for each area of interest were averaged to determine a mean intensity. The mean intensity of each area was then normalized to the mean intensity of the thigh to generate a normalized intensity (NI): This material is available free of charge via the Internet at
